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3-D finite element analysis.
Abstract Because Axial Flux Induction Motors (AFIMs) have many advantages over radial flux
(conventional) ones, they are increasingly used in industrial applications. So, their performance prediction
is an important issue. On the other hand, parameter estimation is an inseparable part of performance
prediction. In this paper, a newmethod, based on the discharge current of stator windings, is presented. In
the proposed method, theoretical and practical discharge currents are compared to calculate coefficients,
time constants and parameters. Then, calculated parameters are employed in the d-q model of the AFIM.
Finally, 3-D finite element analysis and experimental tests are used to verify the proposed method.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Axial flux machines have many advantages over conven-
tional ones. Some of these advantages are their planar and ad-
justable air gap, better power to weight and diameter to length
ratio, compact construction, better efficiency (especially in a
machine with a large number of poles (more than 12)) [1–3],
high utilization of active materials (and thus a favorable power
density) [3,4], and better ventilation and cooling [5]. Further-
more, their rotor may be integrated with the rotating part of
the mechanical load, e.g. fan blades, pump impeller, etc., and
the axial-force between the stator and rotor can be withstood
by thrust bearing [5,6].
The history of electrical machines shows that the earliest
machines were AFMs, though they were replaced by RFM after
a relatively short period of time. In 1821, Farady invented a
primitive disc motor in the form of an AFM. However, since
1837, when Davenport claimed the first patent for a RFM,
it became the accepted configuration for electrical machines.
Exceptions to the rule are the printed circuit servomotor and
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doi:10.1016/j.scient.2012.05.006the superconducting homopolar machine [1,6–8]. Despite the
advantages of AFIMs, this replacement was because of their
inherent drawbacks: high magnetic pull between stator and
rotor and some construction difficulties. These problems can
be solved using new materials and construction techniques.
Furthermore, single phase motors are usually in the fractional
horse power range, and the axial-force between stator and
rotor is not so serious in a small power range. Thus, it can be
withstood by thrust bearing [5,6].
Considering all these features, there are many manuscripts
that deal with analysis and performance predictions [8–13]
or the design and manufacturing [14–26] of AFIMs. In the
first group, most of the literature has described a quasi-three
dimensional mathematical model or finite element analysis.
And the next group consists of some papers which deal
with the design and construction of AFIM, using different
materials, in the manufacturing of motors, and investigating
the effects of different parameters on motor performance.
Just as in [13,27], parameter estimation of the motor is
considered. However, in both of them, only mathematical
equations for inductances are presented and no validation is
regarded. Finally, it should be noted that in almost all of the
above manuscripts, solid structures of stator and rotor have
been considered, and most have double side configuration and
three phase winding. Just as in [26], a single phase squirrel
cage AFIM with laminated single side cores, as shown in
Figure 1, is regarded. In the mentioned paper, a multi-variable
optimization has been done to achieve the minimum torque
ripple of the motor, while the temperature rise of its different
evier B.V. Open access under CC BY-NC-ND license.
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Figure 1: The structure of axial flux induction motor (a) stator (windings are
omitted for clarity), and (b) rotor.
parts have been considered as constraints. So, it can be said
that there is no exact report on the estimation of all electrical
and mechanical parameters of a single phase AFIM. However,
there is much work on electrical parameter identification of
conventional induction motors [28–47]. Authors of this work
try to reduce the disadvantages of the classic method. The
classic method consists of three tests: DC-voltage, lock rotor
and no-load tests. These tests are not only time consuming, but
not accurate enough. The other disadvantage of this method
is that the motor has to be locked mechanically and the
temperatures of the stator winding and rotor cage have to
be measured [28]. On the other hand, although some of the
new techniques increase the accuracy of parameters, they
are very complex, and require a lot of memory or special
devices [28–46]. As an example, as mentioned in [28], recently,
system identification techniques have been introduced to
estimate the model parameters of an induction machine using
standstill frequency-domain or time-domain response data. In
the frequency-domainmethod,measuredmagnitude andphase
angle responses between 0.01 and 500 Hz are used to estimate
the parameter values [41]. In the time-domain method, tests
have been done by applying a different kind of voltage source
(dc, ac or an ac signal which is magnitude modulated) [42,43].
Some papers present a numerical method for the estimation of
induction motor parameters from standard manufacturer data,
i.e. full load mechanical power (rated power), full load power
factor, maximum torque, starting torque, starting current and
full load efficiency [44–46]. In these papers, the nonlinear
equations have been solved with a modified Newton method
that converges if the problem is well defined, and the value of
maximum torque and starting current have a great influence on
convergence. Sometimes, parameter identification techniques
are used to calculate parameters necessary for vector control of
an inductionmotor. In [47], a current injection-based estimator,
to identify standstill parameters necessary for vector control,
has been presented. Authors of [47] introduce a mathematical
model that represents the general frequency characteristics of
the rotor bar and then sequentially inject two exciting currents
with different frequencies to track the parameters from the
frequency function of the rotor bar. As mentioned before, all
these techniques try to increase the accuracy of estimated
parameters, but most of them are time consuming or need lots
of tests or special devices.
In this paper, a new simplemethod, based on themonitoring
of the discharge current of the stator, is presented. This
method not only has simple configuration, but is also very
fast and precise. Compared with the classic method, which
requires three tests, the proposed method requires just one. In
the DC-Pulse method, the electrical parameters of AFIMs are
determined by analyzing the stator discharge current responsea
b
Figure 2: The equivalent circuit of single phase axial flux induction motor
(a) main winding, and (b) auxiliary winding.
to the DC-Pulse voltage, which is applied to one of the stator
windings, while the other one is open circuit. An exponential
regression is used to determine coefficients, time constants and
electrical parameters. Then, the estimated parameters of the
DC-Pulse and classic method are used in the d–q model of a
single phase AFIM. Finally, the simulation results are compared
with those of the 3-D finite element method and experimental
tests. Good agreement between them confirms the success of
the proposed method.
2. Stator discharge current for parameter estimation
The proposedmethod is based on the steady state equivalent
circuit of the main and auxiliary winding of a single phase
AFIM, which is presented in Figure 2. In this equivalent circuit,
the main and auxiliary impedances are shown using Rs, Lls
and Rf , Llf , and rotor impedance, which is transferred to the
main and auxiliary side, is regarded with R′r , L′lr and R′′r , L
′′
lr ,
respectively. Magnetizing inductance is considered using Lm.
Figure 3 shows the schematic of the discharge current
method. In this method, a DC-Pulse voltage is applied to one
of the main or auxiliary windings of the stator while the other
winding is open. For both windings, closing switch S causes an
increase in the stator current,which is called the charge current.
The value of DC voltage is determined based on the nominal
current of each winding. When the stator current reaches
its steady state value, switch S will open and this current
will discharge in the loop of the stator winding impedance,
magnetizing inductance and the damping diode, while it can
be sensed by the Hall-Effect current sensor. The output voltage
of the sensor can be delivered to the PC via an A/D cart or
monitored using a digital oscilloscope. Finally, an exponential
regression is employed to fit this current to the mathematically
calculated discharge current and determine its coefficients and
time constants, whose mathematical expressions are used in
the calculation of the electrical parameters of the studiedmotor.
To determine the mathematical expression of the coeffi-
cients and time constants of the discharge current, the current
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Figure 3: Test setup configuration. (a) Main winding, while auxiliary winding is opened. (b) Auxiliary winding, while main winding is opened.transfer function of each winding, based on the equivalent cir-
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Applying inverse Laplace transformation to Eq. (1), the main












where A0, A1, A2, T1, T2, B0, B1, B2, τ1 and τ2 are coefficients
and time constants, which are defined as:
A0 = |V1|rs , (3)
Ts = A1T1 + A2T2, (4)
Tr = T1 + T2 − Ts, (5)
σ1 = T1T2TrTs , (6)
A1 + A2 = 1 = B1 + B2, (7)
B0 = |V2|rf , (8)
Tf = B1τ1 + B2τ2, (9)
T ′r = τ1 + τ2 − Tf = Tr , (10)
σ2 = τ1τ2T ′rTf
. (11)
And the parameters of the motor can be calculated as:











L′r = Ls = rs · Ts, (14)
rf = |V2|B0 , (15)






1− σ1 = a

Lf L′r(1− σ2), (18)
L′lr = Lls = Ls − Lm, (19)
Llf = Lf − Lma2 . (20)
The other important parameter of a motor is its mechanical
parameter: moment of inertia. There are some methods for
estimation of the moment of inertia. The simplest one is ‘‘The
Falling Weight and Pulley System’’. In this system, all that is
needed mechanically is a light plastic pulley mounted on the
rotor shaft, a cord and a weight. Electrically, two photocell
detectors, a known distance apart and a timing circuit, are
necessary [48]. Figure 4 shows thismethod. As regarded in [48],
acceleration of the falling weight can be found from the
following equation, where t2 − t1 is the time interval for the
weight to travel from x1 to x2:
a = 2(x1 + x2)− 4(x1 · x2)
1/2
(t1 − t2)2 . (21)
In Eq. (21), the acceleration for a given weight is assumed to
be constant. The weight must be large enough to completely
overcome the effects of friction. Two sets of data, involving
different sets of x1 and x2, and values, must be taken with the
same weight. For an actual systemwith friction, the moment of
the rotor (J) would be given by the following equation:
(J + Jp) · a
r
= (W −W · a/g)r − F . (22)
Variables, a and W , are the constant acceleration due to the
weight from one set of data. r is the radius of the pulley and
g is gravitational constant. Jp is the moment of inertia of the
pulley and F is friction torque. If two sets of data are collected,
the equation can be written twice and subtraction performed,
so that the friction torque is eliminated. The final equation for
the motor moment of inertia is given below:
J = {W2 −W1 − (W2 · a2 −W1 · a1)/g} · r
2
(a2 − a1) − Jp. (23)
More details about this system and itsmathematical calculation
are explained in [48].
These parameters are used in the d–q axis model of a
single phase induction motor to evaluate the accuracy of
estimated parameters. In the next section, 3-D time stepping
finite element analysis is used to predict the performance of the
studied AFIM.
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3. Finite element analysis
Although 3-Dimensional (3-D) Finite Element Method
(FEM) is an accurate method to performance prediction of a
single phase axial flux motor, it is very time-consuming and
complex. Furthermore, it requires lots ofmemory. Despite these
drawbacks, 3-D FEM is a method of trust for validation of the
proposed method. In this paper, a 3-D time stepping FEM with
motion is used. The following three Maxwell equations are
relevant for transient (low frequency) applications:
∇ × H = σE, (24)
∇ × E = ∂B
∂t
, (25)
∇ · B = 0. (26)




∇ × H + ∂B
∂t
= 0. (27)
The final result is a formulation where vector fields are
represented by first order edge elements, and scalar fields are
represented by second order nodal unknowns. Field equations
are coupled with circuit equations, because in the case of
applied voltage supplies, the currents are unknown. For
the nonlinearities allowed in 3-D transient applications, the
classical Newton–Raphson algorithm is used.
For simulation, at first, the graphical model of the motor
is drawn in the software environment using geometrical
dimensions of the studied motor, which are presented in
Table 1. Then, materials and boundary conditions are assigned.
Finally, the problem is solved. Figures 5 and 6 show the
graphical representation of the calculated mesh, and the radial
and peripheral (at the outer diameter) components of air
gap flux density in the analyzed AFIM, respectively. Other
performance characteristics are given in Section 5.
It should be noted that two approaches exist for the solution
of transient FE problems with motion; those that involve the
creation of a topologically well-connected mesh at each timeFigure 5: Graphical representation of calculated mesh in the analyzed AFIM.
Table 1: The parameters of studied AFIM.
Parameter Unit Value




Pole pair – 3
Slip % 4
Air gap length mm 2
Core outer/inner diameters mm 170/87
Core length, stator/rotor mm 15/19

















Skew, stator/rotor degree 0/8
1—It should be mentioned since the motor has single stator single rotor
configuration, magnetic force between stator and rotor is very high. A
decrease in air-gap length may lead to a more increase in magnetic pull.
So, to overcome this high axial force we had to increase air-gap length.
Authors propose a new structure for single stator single rotor configuration
of AFIMs which let to suppose air-gap length as short as desirable (even
0.1 mm). This novel AFIM will be introduced in our out coming paper.
step (moving mesh), or those that do not, and employ some
form of smoothing or Lagrange multiplier technique to enforce
field continuity across the motion interface [49]. The former
technique is employed here. Finally, in this simulation, the total
number of elements is 239955.
4. Experimental test setup
Figure 7 shows the stator and rotor of the studied single
phase AFIM. The DC voltage source of this setup is chosen
to provide a rated current of each stator winding while the
other winding is open. A hall-effect current sensor and a digital
oscilloscope are employed to monitor the discharge current.
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Figure 6: The (a) radial and (b) peripheral (at the outer diameter) components of air gap flux density which is calculated using 3-D FEM.a b
Figure 7: Constructed single phase AFIM; (a) stator, and (b) rotor.
Experimentally recorded data of each winding current are
shown in Figure 8. These curves are fitted by exponential
Eqs. (2), and are shown in Figure 9.
By curve fitting, coefficients and time constants of current
equations can be obtained. It should be mentioned that in
this method, the equivalent circuit of AFIM is supposed to
be known, so one can be sure that the time constants which
are calculated belong to an R–L, not an R–C , circuit. Finally,
using Eqs. (12)–(20), the parameters are calculated. In thenext section, the parameters of the studied AFIM, which are
calculated regarding different methods, are compared.
5. Method validation
Table 2 shows the electrical equivalent circuit parameters of
the studied AFIM. In this table, the parameters obtained using
classic, discharge and finite element methods are reported.
In order to evaluate the accuracy of calculated parameters,
they are used in the steady state and transient simulations of
the studied motor. Then motor simulated characteristics are
compared with those of experimental tests.
The transient wave form of the evaluated no load torque,
speed and current are presented in Figure 10. It is shown that
the transient performance of the motor, using discharge and
FEM parameters, are close to each other.
Figures 11–13 show the comparison between measured
and simulated steady state torque-speed and stator windings
current-speed characteristics of AFIM. All simulation results
are obtained using Matlab software, with parameters of DC-
discharge, 3-D FEM and classic methods.a b
Figure 8: Current response (sensor output on digital oscilloscope). (a) Main winding, and (b) auxiliary winding.a b
Figure 9: Fitted current of each winding. (a) fitted curve of main winding, and (b) fitted curve of auxiliary winding.
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methods.
Parameter (Ω) Classicmethod Dischargemethod 3-D finite element
method
Rs 12.7209 13.0451 13.1
Rf 8.8604 8.8604 8.8
R′r 11.2195 8.6426 8.7
Xm 62.6844 73.3842 72.9
Xls 14.5588 17.5685 17.9
Xlf 56.6074 43.6606 43.8
X ′lr 14.5588 17.5685 17.9
Figure 10: Transientwave formof evaluated no load torque, speed and current.
Figure 11: Practical and simulated torque-speed characteristic of AFIM.
The numerical comparison is performed based on the
value of some performance characteristics. These values are
presented in Table 3.
Table 3 shows that the results of the classic method are very
far from experimental ones. For example, the error between
measured and simulated starting torque in the classic method
is about 80%, while the minimum error between simulation
(using classic method) and experimental results is related toFigure 12: Practical and simulated main winding current-speed characteristic
of AFIM.
Figure 13: Practical and simulated auxiliary winding current-speed character-
istic of AFIM.
the starting current of auxiliary winding, which is about 5%.
Furthermore, the minimum error is related to the results of
3-D finite element analysis. Despite this close coordination,
FEM is very time consuming and expensive, and it requires a
large amount ofmemory. On the other hand, these comparisons
validate the proposed method, and indicate that the discharge
method is not only fast, simple and more accurate than the
classic one, but also that its accuracy is comparable with that
of the 3-D finite element method.
6. Conclusion
In this paper, a new method based on stator discharge
current is used to estimate the electrical parameters of a single
phase axial flux induction motor. The proposed method has a
simple configuration and its accuracy is comparable with that
of the 3-D finite element method, which is an accurate but
complex and time consuming method. Finally, experimental
results of AFIM validate the results of the proposedmethod. The
comparison betweenmeasured and simulated (using discharge
method) results shows that maximum error is related toTable 3: The comparison between steady state simulation results of AFIM based on different methods and experimental ones.
Parameter Measured Simulated
Using discharge method Using classic method Using 3-D FEM
Starting torque (N m) 0.76 0.876 1.369 0.8623
Maximum torque (N m) 3.75 3.755 4.052 3.686
Starting current of main winding (A) 5.91 5.904 6.486 5.83
Minimum current of main winding (A) 2.69 2.68 3.198 2.682
Starting current of auxiliary winding (A) 1.47 1.463 1.542 1.466
Minimum current of auxiliary winding (A) 1.33 1.334 1.448 1.338
Nominal torque (N m) 2.01 2.028 1.585 1.991
Nominal auxiliary winding current (A) 1.659 1.686 1.866 1.686
Nominal main winding current (A) 2.82 2.813 3.233 2.81
1800 Z. Nasiri-Gheidari, H. Lesani / Scientia Iranica, Transactions D: Computer Science & Engineering and Electrical Engineering 19 (2012) 1794–1801starting torque, and its value is 15.26%, while these values for
the classic method and 3-D FEM are about 80% and 13.5%,
respectively.
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